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(57) ABSTRACT 

The present invention provides methods, systems and soft 
Ware for registering a ?rst dataset of an object With a second 
dataset of an object. In one embodiment, the present inven 
tion measures refractive errors of an optical system. The 
method comprises obtaining a ?rst and second optical mea 
surement of the optical system. The ?rst and second optical 
measurements are registered With each other and may 
improve the diagnosis and/or treatment of the refractive 
errors of the optical system. In one embodiment the ?rst 
optical measurement is a topographical map and the second 
optical measurement is a Wavefront measurement. 
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METHODS AND DEVICES FOR REGISTERING 
OPTICAL MEASUREMENT DATASETS OF AN 

OPTICAL SYSTEM 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

[0001] The present application is related to US. patent 
application Ser. No. 10/300,714, ?led Nov. 19, 2002, Which 
claimed the bene?t of US. Provisional Patent Application 
Ser. No. 60/384,653, ?led May 30, 2002, the complete 
disclosures of Which are incorporated herein by reference. 

[0002] The present application is also related to US. 
patent application Ser. No. 10/365,121, ?led Feb. 11, 2003, 
Which claimed the bene?t of Provisional Patent Application 
No. 60/356,658, ?led Feb. 11, 2002 and US. Patent Appli 
cation Ser. No. 60/389,090, ?led Jun. 13, 2002, the complete 
disclosures of Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

[0003] The present application relates generally to regis 
tering multiple datasets With each other. More speci?cally, 
the present invention relates to registering a Wavefront 
measurement and a corneal topography map of an eye. 

[0004] KnoWn laser eye procedures generally employ an 
ultraviolet or infrared laser to remove a microscopic layer of 
stromal tissue from the cornea of the eye to alter the 
refractive characteristics of the eye. The laser removes a 
selected shape of the corneal tissue, often to correct refrac 
tive errors of the eye. Ultraviolet laser ablation results in 
photo-decomposition of the corneal tissue, but generally 
does not cause signi?cant thermal damage to adjacent and 
underlying tissues of the eye. The irradiated molecules are 
broken into smaller volatile fragments photochemically, 
directly breaking the intermolecular bonds. 

[0005] Laser ablation procedures can remove the targeted 
stroma of the cornea to change the cornea’s contour for 
varying purposes, such as for correcting myopia, hyperopia, 
astigmatism, and the like. Control over the distribution of 
ablation energy across the cornea may be provided by a 
variety of systems and methods, including the use of ablat 
able masks, ?Xed and moveable apertures, controlled scan 
ning systems, eye movement tracking mechanisms, and the 
like. In knoWn systems, the laser beam often comprises a 
series of discrete pulses of laser light energy, With the total 
shape and amount of tissue removed being determined by 
the shape, siZe, location, and/or number of a pattern of laser 
energy pulses impinging on the cornea. A variety of algo 
rithms may be used to calculate the pattern of laser pulses 
used to reshape the cornea so as to correct a refractive error 

of the eye. KnoWn systems make use of a variety of forms 
of lasers and/or laser energy to effect the correction, includ 
ing infrared lasers, ultraviolet lasers, femtosecond lasers, 
Wavelength multiplied solid-state lasers, and the like. Alter 
native vision correction techniques make use of radial 
incisions in the cornea, intraocular lenses, removable cor 
neal support structures, thermal shaping, and the like. 

[0006] KnoWn corneal correction treatment methods have 
generally been successful in correcting standard vision 
errors, such as myopia, hyperopia, astigmatism, and the like. 
HoWever, as With all successes, still further improvements 
Would be desirable. ToWard that end, Wavefront measure 
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ment systems are noW available to measure the refractive 
characteristics of a particular patient’s eye. 

[0007] One promising Wavefront measurement system is 
the VISX WaveScan® System, Which uses a Hartmann 
Shack Wavefront sensor assembly that may quantify higher 
order aberrations throughout the entire optical system, 
including ?rst and second-order sphero-cylindrical errors 
and third through siXth-order aberrations caused by coma 
and spherical aberrations. The Wavefront measurement of 
the eye creates a high order aberration map that permits 
assessment of aberrations throughout the optical pathWay of 
the eye, e.g., both internal aberrations and aberrations on the 
corneal surface. Thereafter, the Wavefront aberration infor 
mation may be saved and thereafter input into a computer 
system to compute a custom ablation pattern to correct the 
aberrations in the patient’s eye. 

[0008] By customiZing an ablation pattern based on Wave 
front measurements, it may be possible to correct minor 
refractive errors so as to reliably and repeatably provide 
visual accuities greater than 20/20. Alternatively, it may be 
desirable to correct aberrations of the eye that reduce visual 
acuity to less than 20/20. 

[0009] While Wavefront measurement systems have been 
highly successful, improvements are still possible. For 
eXample, in some instances it may be desirable to concur 
rently diagnose the refractive errors of the eye using tWo or 
more different optical measurement devices so as to provide 

a better diagnosis (and treatment) of the refractive errors in 
the optical tissues of the eye. In order to take advantage of 
tWo different data sources for corneal treatment planning, 
hoWever, the data from the tWo optical measurement devices 
must be registered. 

[0010] Consequently, What is needed are methods, sys 
tems and softWare for registering datasets from separate 
optical measurement devices. 

BRIEF SUMMARY OF THE INVENTION 

[0011] The present invention provides methods, systems, 
and softWare for registering and aligning a ?rst dataset of an 
object With a second dataset of the object. In one embodi 
ment, the ?rst and second datasets are a ?rst optical mea 
surement and a second optical measurement of an optical 
system. 

[0012] In one aspect, the present invention provides a 
method of registering datasets obtained by tWo different 
instruments. The method comprises obtaining a ?rst dataset 
from an object With a ?rst instrument and obtaining a second 
dataset from the object With a second instrument. Distinctive 
data points of the object are located in each of the datasets 
and the distinctive data points are used to register the ?rst 
dataset With the second dataset. 

[0013] In one embodiment, the object is an eye that has 
refractive or other optical errors. The ?rst optical measure 
ment may be a Wavefront measurement that is obtained by 
a Wavefront measurement device. The second optical mea 
surement may be a corneal topographical map obtained by 
a corneal topographer. Typically, the distinctive data points 
are one or more landmarks in the eye, such as a limbus, iris, 
iris center, iris pattern, pupil, pupil center, pupil boundary, 
and a corneal vertex. 
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[0014] In one embodiment, one of the landmarks is an iris 
center. Once the iris centers are located in both datasets, the 
iris centers are matched. If needed, a cyclotorsional offset 
betWeen the other selected landmarks in the ?rst dataset and 
the second dataset may be calculated and the cyclotorsional 
offset betWeen the tWo datasets may be compensated for 
prior to overlaying the datasets With each other. Acoordinate 
system transformation may be established betWeen the tWo 
datasets to alloW for the registration betWeen the tWo optical 
measurements. 

[0015] One or both of the datasets may also be scaled in 
siZe such that the ?rst dataset and the second dataset 
substantially match each other, so that When the datasets are 
overlaid, the points on each of the datasets Will be substan 
tially registered and aligned With each other. Once the ?rst 
and second datasets are registered and aligned, the datasets 
may be analyZed to diagnose the optical errors in the optical 
system. Thereafter, an ablation pattern for the optical sys 
tem, based on the analysis of the registered ?rst and second 
dataset, may be generated. 

[0016] In another aspect, the present invention provides a 
method of improving a measurement of refractive errors of 
an optical system. The method comprises obtaining a ?rst 
optical measurement of the optical system and obtaining a 
second measurement of the optical system. The ?rst optical 
measurement of the eye is registered With the second mea 
surement of the optical system. 

[0017] The optical system typically comprises optical tis 
sues of an eye, and the ?rst measurement of the optical 
system may be a Wavefront measurement of the eye and the 
second measurement may be a corneal topographical map of 
the eye. In one embodiment, registering the corneal topo 
graphical map of the eye With the Wavefront measurement of 
the eye comprises locating landmarks in the corneal topo 
graphical map of the eye and the Wavefront measurement of 
the eye and calculating at least one of a relative positional 
and torsional offsets betWeen the landmarks to generate a 
coordinate system transformation betWeen the topographical 
map and Wavefront measurement. The landmarks include, 
but are not limited to, at least one of a limbus, iris, iris center, 
iris pattern, pupil, pupil center, pupil boundary, and a corneal 
vorteX. The coordinate system transformation may be used 
to align the corneal topographical map of the eye With the 
Wavefront measurement of the eye. The siZe of the corneal 
topographical map and the Wavefront measurement may be 
scaled and/or overlayed With each other, if desired. 

[0018] After the corneal topographical map and Wavefront 
measurement are registered the optical errors of the eye may 
be diagnosed using the registered corneal topographical map 
and the Wavefront measurement of the eye. Thereafter, an 
ablation pattern for the eye may be generated by analyZing 
at least one of the corneal ablation map and the Wavefront 
measurement. 

[0019] In a further aspect, the present invention provides 
a method of registering a corneal topographic map of an eye 
that is obtained by a ?rst instrument With a Wavefront 
measurement of an eye that is obtained by a second instru 
ment. The method comprises locating landmarks in the 
corneal topographical map and locating a corresponding 
landmark in the Wavefront measurement. The landmarks 
may be at least one of a limbus, iris, iris center, iris pattern, 
pupil, pupil center, pupil boundary, and a corneal verteX. A 
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relative positional and torsional offset betWeen the land 
marks is determined and the corneal topographical map is 
registered With the Wavefront measurement. 

[0020] In another aspect, the present invention provides a 
system for registering a ?rst dataset With a second dataset. 
The system comprises a memory coupled to a processor. The 
memory comprises a plurality of modules for registering the 
?rst dataset With the second dataset. The modules include a 
module for receiving the ?rst dataset, a module for receiving 
the second dataset, a module for locating distinctive data 
points in each of the datasets; and a module for using the 
distinctive data points to register the ?rst dataset With the 
second dataset. 

[0021] The distinctive data points may be landmarks in an 
eye, such as a pupil center, pupil boundary, iris center, iris 
boundary, iris pattern, limbus, and/or a corneal verteX. The 
module for using the distinctive data points may be con?g 
ured to calculate and compensate for a positional and 
torsional offset betWeen the distinctive data points in the ?rst 
dataset and second dataset. 

[0022] The module for using the distinctive data points 
may be con?gured to overlay the ?rst dataset With the 
second dataset The module for using the distinctive data 
points to register the ?rst dataset With the second dataset 
may also be con?gured to scale a siZe of at least one of the 
?rst dataset and second dataset to substantially match the 
siZe of the datasets With each other. 

[0023] The system may comprise a Wavefront measure 
ment device such that the ?rst dataset is a Wavefront 
measurement. The system may also include a corneal topog 
rapher such that the second dataset is a corneal topographi 
cal map. The modules of the system may also include a 
module for calculating an ablation pattern based on an 
analysis of the ?rst dataset and the second dataset. The 
system may optionally include a laser assembly for deliv 
ering the ablation pattern. 

[0024] In another aspect, the present invention provides a 
system for registering a ?rst optical measurement of an 
optical system With a second optical measurement of the 
optical system. The system comprises a memory coupled to 
a processor. The memory comprises a plurality of modules 
for registering the ?rst optical measurement With the second 
optical measurement. The modules comprise a module for 
obtaining the ?rst optical measurement of the optical sys 
tem, a module for obtaining the second optical measurement 
of the optical system, and a module for registering the ?rst 
optical measurement of the optical system With the second 
optical measurement of the optical system. 

[0025] The modules may further comprise a module for 
diagnosing the optical errors of the optical system. The 
diagnosing module may use the ?rst optical measurement 
and the second optical measurement to diagnose the optical 
system. The modules may also include a module for gener 
ating an ablation pattern to correct the diagnosed optical 
errors of the optical system. 

[0026] In one embodiment, the system of the present 
invention is con?gured to locate the same landmarks of the 
eye in tWo images from tWo separate devices, such as a 
VISX WaveScan® device and a Humphrey® ATLASTM 
corneal topography system. Once the landmarks are located, 
the systems of the present invention may calculate relative 
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positional and/or torsional offsets between the tWo sets of 
data (e.g., images) in order to align the datasets With each 
other. 

[0027] In another aspect, the present invention provides a 
computer program stored on a computer-readable storage 
medium for measuring optical errors of an optical system. 
The computer program comprises a code module for receiv 
ing the ?rst dataset, a code module for receiving the second 
dataset, a code module for locating distinctive data points in 
each of the datasets and a code module for using the 
distinctive data points to register the ?rst dataset With the 
second dataset. 

[0028] In one embodiment, the code modules are con?g 
ured to receive Wavefront measurements and or/ topographi 
cal map. The computer program may further include a code 
module for diagnosing optical errors of the optical system 
and a code module for generating an ablation pattern to 
correct the optical errors, Wherein the ablation pattern is at 
least in part based on the diagnosis of the optical errors of 
the optical system. 

[0029] In another aspect, the present invention provides a 
computer program stored on a computer-readable storage 
medium for registering a ?rst optical measurement of an 
optical system With a second optical measurement of the 
optical system. The computer program comprises a code 
module for obtaining a ?rst optical measurement of the 
optical system, a code module for obtaining a second optical 
measurement of the optical system, and a code module for 
registering the ?rst optical measurement of the optical 
system With the second optical measurement of the optical 
system. 

[0030] For a further understanding of the nature and 
advantages of the invention, reference should be made to the 
folloWing description taken in conjunction With the accom 
panying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] FIG. 1 schematically illustrates a simpli?ed system 
according to an embodiment of the present invention; 

[0032] FIG. 2 schematically illustrates one exemplary 
laser system according to one embodiment of the present 
invention; 
[0033] FIG. 3 illustrates a Wavefront measurement device 
according to an embodiment of the present invention; 

[0034] FIG. 3A illustrates an alternative Wavefront mea 
surement device of the present invention; 

[0035] FIG. 4 schematically illustrates an eXemplary com 
puter system according to an embodiment of the present 
invention; 

[0036] FIG. 5 schematically illustrates a method of the 
present invention as carried out by a plurality of modules. 

[0037] FIG. 6 illustrates one eXample of a module for 
registering the ?rst dataset and the second dataset. 

[0038] FIG. 6A illustrates one eXample of an algorithm 
for locating distinctive data points in a dataset. 

[0039] FIG. 6B illustrates one eXample of steps of locat 
ing a pupil center in a corneal topographical map. 
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[0040] FIG. 7 is a graph Which illustrates a relative change 
in estimated verteX position of measurement from a Wave 
front image and a corneal topography image. 

[0041] FIGS. 8 and 9 illustrate a plurality of images of a 
patient’s eye and their calculated distinctive data points. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0042] The present invention is particularly useful for 
improving the diagnosis of optical errors of an eye and 
enhancing the accuracy and ef?cacy of laser eye surgical 
procedures to correct the optical errors of the eye, such as 
photorefractive keratectomy (PRK), phototherapeutic kera 
tectomy (PTK), laser in situ keratomileusis (LASIK), laser 
epithelial keratomileusis (LASEK), and the like. 

[0043] While the present invention is described primarily 
in the conteXt of improving diagnosis and treatment of the 
refractive errors of the eye using a laser eye surgery system, 
it should be understood the present invention may be 
adapted for use in alternative diagnosis of other optical 
systems, eye treatment procedures, and optical systems such 
as femtosecond lasers and laser treatment, infrared lasers 
and laser treatments, radial keratotomy (RK), scleral bands, 
folloW up diagnostic procedures, and the like. 

[0044] Furthermore, While the remaining discussion 
focuses on registering and aligning datasets and images of 
an eye from a Wavefront measurement system and a corneal 
topographer, the present invention is equally applicable to 
registering and aligning datasets obtained by a variety of 
other optical measurement instruments. For eXample, the 
present invention may be used to align images of any 
combination of a Wavefront measurement system, a pupil 
camera on a Wavefront measurement system, a corneal 

topographer, pachimetry devices, optical coherence tomog 
raphy (OCT) scanners, any instrument that takes an image of 
the eye With the pupil and part of the iris in the ?eld of vieW, 
and the like. 

[0045] FIG. 1 schematically illustrates a simpli?ed system 
of one embodiment of the present invention. The illustrated 
system of the present invention typically includes a ?rst 
measurement instrument 10, a second measurement instru 
ment 16, and a laser system 15. 

[0046] In one embodiment, the ?rst measurement instru 
ment is a Wavefront measurement device 10 that measures 
aberrations and other optical characteristics of an entire 
ocular or other optical tissue system. The data from such a 
Wavefront measurement device may be used to generate an 
optical surface from an array of optical gradients. It should 
be understood that the optical surface need not precisely 
match an actual tissue surface, as the gradients Will shoW the 
effects of aberrations Which are actually located throughout 
the ocular tissue system. Nonetheless, corrections imposed 
on an optical tissue surface so as to correct the aberrations 
derived from the gradients should correct the optical tissue 
system. As used herein terms such as “an optical tissue 
surface” may encompass a theoretical tissue surface 
(derived, for eXample, from Wavefront sensor data), an 
actual tissue surface, and/or a tissue surface formed for 
purposes of treatment (for eXample, by incising corneal 
tissues so as to alloW a ?ap of the corneal epithelium to be 
displaced and eXpose the underlying stroma during a LASIK 
procedure). 
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[0047] The second measurement instrument may be a 
corneal topographer 16. Corneal topographer 16 may be 
used to diagnose and examine the corneal surface. Corneal 
topographer 16 typically includes an imaging device 18, 
such as a frame grabber that takes images of the cornea. The 
images obtained by the frame grabber are analyZed by a 
computer system 19, and the computer system may generate 
one or more graphical and tabular outputs, including three 
dimensional topographical maps. Corneal topographer 16 
may determine the contours of the corneal surface by 
measuring the elevations and depressions in the corneal 
surface. One example of a corneal topographer is the Hum 
phrey® AtlaSTM Corneal Topographer, from Zeiss Hum 
phrey Systems, of Dublin, Calif., Which is an instrument that 
uses placido disk technology to generate images of the 
corneal surface. 

[0048] Corneal topographer 16 may be based on a method 
that captures the re?ection of rings of light off of the surface 
of the cornea and measures the distortion in the re?ected 
light. A detector (not shoWn) captures the re?ected images 
and computer system 19 processes the data, and displays the 
information in one or more formats selected by the user. For 
example, corneal topographer 16 may provide an axial map 
(Which describe the radius of the curvature of the cornea 
relative to optic axis), curvature maps (Which portray the 
radius of the curvature independent of the optic axis), and/or 
elevation maps (Which illustrate the radius relative to a 
reference sphere). 

[0049] As can be appreciated, the Humphrey® AtlasTM 
topographer is merely one example of a corneal topographer 
that may be used With the present invention. Other corneal 
topographers sold by Topcon Medical Systems, Dicon Diag 
nostics, Haag-Streit, EyeQuip, Tomey Corp., Bausch & 
Lomb, Carl Zeiss Ophthalmic Systems, Nidek, and Laser 
Sight may be used With the present invention. Some systems 
and methods for measuring a corneal topography of an eye 
are described in US. Pat. Nos. 4,761,071, 4,995,716, 5,406, 
342, 6,396,069, 6,116,738, 4,540,254 and 5,491,524, the full 
disclosures of Which are incorporated herein by reference. 

[0050] FIGS. 1 and 2 illustrate one embodiment of laser 
surgery system 15 that is encompassed by the present 
invention. Laser eye surgery system 15 includes a laser 
assembly 12 that produces a laser beam 14. Laser assembly 
12 is optically coupled to laser delivery optics 21, Which 
directs laser beam 14 to an eye of patient P. Adelivery optics 
support structure (not shoWn here for clarity) extends from 
a frame 18 supporting laser assembly 12. An imaging 
assembly 20, such as a microscope is mounted on the 
delivery optics support structure to image a cornea of eye E 
during the laser procedure. 

[0051] Laser assembly 12 generally comprises an excimer 
laser source, typically comprising an argon-?uorine laser 
producing pulses of laser light having a Wavelength of 
approximately 193 nm. Laser assembly 12 Will preferably be 
designed to provide a feedback stabiliZed ?uence at the 
patient’s eye, delivered via delivery optics 21. The present 
invention may also be useful With alternative sources of 
ultraviolet or infrared radiation, particularly those adapted to 
controllably ablate the corneal tissue Without causing sig 
ni?cant damage to adjacent and/or underlying tissues of the 
eye. Such sources include, but are not limited to, solid state 
lasers and other devices Which can generate energy in the 
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ultraviolet Wavelength betWeen about 185 and 215 nm 
and/or those Which utiliZe frequency-multiplying tech 
niques. Hence, although an excimer laser is the illustrative 
source of an ablating beam, other lasers may be used in the 
present invention. 

[0052] Laser assembly 12 and delivery optics 21 Will 
generally direct laser beam 14 to the eye of patient P under 
the direction of a computer system 22. Computer system 22 
Will generally selectively adjust laser beam 14 to expose 
portions of the cornea to the pulses of laser energy so as to 
effect a predetermined sculpting of the cornea and alter the 
refractive characteristics of the eye. In many embodiments, 
both laser beam 14 and the laser delivery optical system 21 
Will be under computer control of computer system 22 to 
effect the desired laser sculpting process so as to deliver the 
customiZed ablation pro?le, With the computer system ide 
ally altering the ablation procedure in response to inputs 
from the optical feedback system. The feedback Will pref 
erably be input into computer system 22 from an automated 
image analysis system, or may be manually input into the 
processor by a system operator using an input device in 
response to a visual inspection of analysis images provided 
by the optical feedback system. Computer system 22 Will 
often continue and/or terminate a sculpting treatment in 
response to the feedback, and may optionally also modify 
the planned sculpting based at least in part on the feedback. 

[0053] Laser beam 14 may be adjusted to produce the 
desired sculpting using a variety of alternative mechanisms. 
The laser beam 14 may be selectively limited using one or 
more variable apertures. An exemplary variable aperture 
system having a variable iris and a variable Width slit is 
described in US. Pat. No. 5,713,892, the full disclosure of 
Which is incorporated herein by reference. The laser beam 
may also be tailored by varying the siZe and offset of the 
laser spot from an axis of the eye, as described in US. Pat. 
No. 5,683,379, and as also described in commonly oWned 
US. patent application Ser. No. 08/968,380, ?led Nov. 12, 
1997; and Ser. No. 09/274,999 ?led Mar. 22, 1999, the full 
disclosures of Which are incorporated herein by reference. 

[0054] Still further alternatives are possible, including 
scanning of the laser beam over the surface of the eye and 
controlling the number of pulses and/or dWell time at each 
location, as described, for example, by US. Pat. Nos. 
4,665,913 (the full disclosure of Which is incorporated 
herein by reference) and as demonstrated by other scanning 
laser systems such as the LSX laser by LaserSight, LadarVi 
sion by Alcon/Autonomous, Allegretto by Wavelight, and 
the 217C by Technolas; using masks in the optical path of 
laser beam 14 Which ablate to vary the pro?le of the beam 
incident on the cornea, as described in US. patent applica 
tion Ser. No. 08/468,898, ?led Jun. 6, 1995 (the full disclo 
sure of Which is incorporated herein by reference); hybrid 
pro?le-scanning systems in Which a variable siZe beam 
(typically controlled by a variable Width slit and/or variable 
diameter iris diaphragm) is scanned across the cornea; or the 
like. The computer programs and control methodology for 
these laser pattern tailoring techniques are Well described in 
the patent literature. 

[0055] Additional components and subsystems may be 
included With laser system 15, as should be understood by 
those of skill in the art. For example, spatial and/or temporal 
integrators may be included to control the distribution of 
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energy Within the laser beam, as described in US. Pat. No. 
5,646,791, the disclosure of Which is incorporated herein by 
reference. An ablation effluent evacuator/?lter, and other 
ancillary components of the laser surgery system Which are 
not necessary to an understanding of the invention, need not 
be described in detail for an understanding of the present 
invention. 

[0056] As shoWn schematically in FIG. 1, Wavefront 
measurement device 10 typically includes a Wavefront mea 
surement assembly 11 and an imaging assembly 13. Wave 
front measurement assembly 11 can be used to measure and 
obtain a Wavefront elevation surface of at least one of the 
patient’s eyes and imaging assembly 13 and may simulta 
neously obtain still or moving images of the patient’s eye 
during the Wavefront measurement. 

[0057] In exemplary embodiments, imaging assembly 13 
is a CCD camera that can obtain a still image of the patient’s 
eye. The image(s) obtained by imaging assembly 13 can 
thereafter be used to register the Wavefront measurement 
and/or a customiZed ablation pattern (based on the Wave 
front measurement and/or corneal topography map) With the 
patient’s eye during the laser surgical procedure. 

[0058] The Wavefront measurement assembly 11 and 
imaging assembly 13 can be coupled to or integral With a 
computer system 17 that can generate and store the Wave 
front measurements and images of the patient’s eye. There 
after, the patient’s Wavefront data can be stored on a 
computer readable medium 29, such as a CD-R, CD-RW, 
DVD-R, ?oppy disk, optical disk, a hard drive, or other 
computer readable medium. Optionally, in some embodi 
ments, the computer system of the Wavefront measurement 
device may also generate and save an ablation pro?le based 
on the Wavefront data on the computer readable medium 29. 

[0059] The still image of the eye, Wavefront data, and/or 
the customiZed ablation pro?le can be loaded into a memory 
of laser surgical system 15 through reading of computer 
readable medium 29 or through delivery into the memory of 
surgical system 15 over a local or Wide-area netWork (LAN 
or Laser eye surgery system 15 can include a 
computer system 22 that is in communication With an 
imaging assembly 20 and a laser assembly 12. Computer 
system 22 can have softWare stored in a memory and 
hardWare that can be used to control the delivery of the 
ablative energy to the patient’s eye, the tracking of the 
position of the patient’s eye relative to an optical aXis of 
laser beam 14 (e.g., translations in the X, y, and Z directions 
and torsional rotations), and the like. In exemplary embodi 
ments, among other functions, computer system 22 may be 
programmed to calculate a customiZed ablation pro?le based 
on the Wavefront data and/or the corneal topography data, 
register the image(s) taken With imaging assembly 13 With 
the real-time image(s) taken by imaging assembly 20. Addi 
tionally, computer system 22 can be programmed to mea 
sure, in real-time, the movement (X(t), y(t), Z(t), and rota 
tional orientation 0(t)) of the patient’s eye relative to the 
optical aXis of the laser beam so as to alloW the computer 
system to modify the delivery of the customiZed ablation 
pro?le based on the real-time position and/or orientation of 
the patient’s eye. 

[0060] Referring noW to FIG. 3, one embodiment of a 
Wavefront measurement device 10 of the present invention 
is schematically illustrated. As can be appreciated, the 
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illustrated Wavefront measurement device 10 is merely an 
eXample of one Wavefront measurement device that can be 
used With the embodiments of the present invention and 
other conventional or proprietary Wavefront measurement 
devices can be used. 

[0061] In very general terms, Wavefront measurement 
device 10 includes an imaging assembly 13 that can image 
the patient’s eye E during the Wavefront measurement of the 
eye With the Wavefront measurement assembly 11. Wave 
front measurement assembly 11 includes an image source 
32, such as a laser, Which projects a source image through 
optical tissues 34 of eye E and so as to form an image 44 
upon a surface of retina R. The image from retina R is 
transmitted by the optical system of the eye (speci?cally, 
optical tissues 34) and imaged onto a Wavefront sensor 36 by 
system optics 38. The imaging assembly 13 can be in 
communication With a computer system 17 to deliver the 
image(s) of the patient’s eye to a memory in the computer 
system 17. If desired, Wavefront sensor 36 may also be 
con?gured to communicate signals to computer 17 for 
determination of a corneal ablation treatment program. 
Computer 17 may be the same computer Which is used to 
direct operation of the laser surgery system 15, or at least 
some or all of the computer components of the Wavefront 
measurement device 10 and laser surgery system may be 
separate. Data from Wavefront sensor 36 may be transmitted 
to laser system computer 22 via tangible media 29, via an 
I/O port, via an netWorking connection such as an intranet, 
the Internet, or the like. 

[0062] Wavefront sensor 36 generally comprises a lenslet 
array 38 and an image sensor 40. As the image from retina 
R is transmitted through optical tissues 34 and imaged onto 
a surface of lenslet array 38, the lenslet array separates the 
transmitted image into an array of beamlets 42, and (in 
combination With other optical components of the system) 
images the separated beamlets on the surface of sensor 40. 
Sensor 40 typically comprises a charged couple device or 
CCD, and senses the characteristics of these individual 
beamlets, Which can be used to determine the characteristics 
of an associated region of optical tissues 34. In particular, 
Where image 44 comprises a point or small spot of light, a 
location of the transmitted spot as imaged by a beamlet can 
directly indicate a local gradient of the associated region of 
optical tissue. 

[0063] Eye E generally de?nes an anterior orientation 
ANT and a posterior orientation POS. Image source 32 
generally projects an image in a posterior orientation 
through optical tissues 34 onto retina R. Optical tissues 34 
again transmit image 44 from the retina anteriorly toWard 
Wavefront sensor 36. Image 44 actually formed on retina R 
may be distorted by any imperfections in the eye’s optical 
system When the image source is originally transmitted by 
optical tissues 34. Optionally, image source projection optics 
46 may be con?gured or adapted to decrease any distortion 
of image 44. 

[0064] In some embodiments, image source optics may 
decrease loWer order optical errors by compensating for 
spherical and/or cylindrical errors of optical tissues 34. 
Higher order optical errors of the optical tissues may also be 
compensated through the use of an adaptive optic element, 
such as a deformable mirror. Use of a laser image source 32 
selected to de?ne a point or small spot at image 44 upon 



US 2004/0263785 A1 

retina R may facilitate the analysis of the data provided by 
Wavefront sensor 36. Distortion of image 44 may be limited 
by transmitting a source image through a central region 48 
of optical tissues 34 Which is smaller than a pupil 50, as the 
central portion of the pupil may be less prone to optical 
errors than the peripheral portion. Regardless of the particu 
lar image source structure, it Will be generally be bene?cial 
to have Well-de?ned and accurately formed image 44 on 
retina R. 

[0065] While the method of the present invention Will 
generally be described With reference to sensing of an image 
44 on the retina, it should be understood that a series of 
Wavefront sensor data readings may be taken. For example, 
a time series of Wavefront data readings may help to provide 
a more accurate overall determination of the ocular tissue 
aberrations. As the ocular tissues can vary in shape over a 
brief period of time, a plurality of temporally separated 
Wavefront sensor measurements can avoid relying on a 

single snapshot of the optical characteristics as the basis for 
a refractive correcting procedure. Still further alternatives 
are also available, including taking Wavefront sensor data of 
the eye With the eye in differing con?gurations, positions, 
and/or orientations. For example, a patient Will often help 
maintain alignment of the eye With Wavefront measurement 
assembly 11 by focusing on a ?xation target, as described in 
US. Pat. No. 6,004,313, the full disclosure of Which is 
incorporated herein by reference. By varying a focal position 
of the ?xation target as described in that reference, optical 
characteristics of the eye may be determined While the eye 
accommodates or adapts to image a ?eld of vieW at a varying 
distance. Further alternatives include rotating of the eye by 
providing alternative and/or moving ?xation targets Within 
Wavefront measurement assembly 11. 

[0066] The location of the optical axis of the eye may be 
veri?ed by reference to the data provided from an imaging 
assembly 13, such as a pupil camera, that images the eye 
concurrently during the Wavefront measurements. In the 
exemplary embodiment, imaging assembly 13 images pupil 
50 and/or the iris so as to alloW subsequent determination of 
a position and torsional orientation of the pupil and/or iris 
for registration of the Wavefront sensor data relative to the 
optical tissues, as Will also be described hereinbeloW. 

[0067] An alternative embodiment of a Wavefront sensor 
system is illustrated in FIG. 3A. The major components of 
the system of FIG. 3A are similar to those of FIG. 3. 
Additionally, FIG. 3A includes an adaptive optical element 
52 in the form of a deformable mirror. The source image is 
re?ected from deformable mirror 52 during transmission to 
retina R, and the deformable mirror is also along the optical 
path used to form the transmitted image betWeen retina R 
and imaging sensor 40. Deformable mirror 52 can be con 
trollably deformed to limit distortion of the image formed on 
the retina, and may enhance the accuracy of the Wavefront 
data. The structure and use of the system of FIG. 3A are 
more fully described in US. Pat. No. 6,095,651, the full 
disclosure of Which his incorporated herein by reference. 

[0068] The components of one embodiment of a Wave 
front system for measuring the eye and ablations comprise 
elements of a VISX WaveScan®, available from VISX, 
Incorporated of Santa Clara, Calif. Apreferred embodiment 
includes a VISX WaveScan® With a deformable mirror as 
described above. An alternate embodiment of a Wavefront 
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measuring device is described in US. Pat. No. 6,271,915, 
the full disclosure of Which is incorporated herein by refer 
ence. 

[0069] FIG. 4 is a simpli?ed block diagram of an exem 
plary computer system 17, 19, 22 encompassed by the 
system of the present invention. The computer system 
typically includes at least one processor 60 Which commu 
nicates With a number of peripheral devices via a bus 
subsystem 62. These peripheral devices may include a 
storage subsystem 64, comprising a memory subsystem 66 
and a ?le storage subsystem 68, user interface input devices 
70, user interface output devices 72, and a netWork interface 
subsystem 74. Network interface subsystem 74 provides an 
interface to a communication netWork 75 for communication 
With other imaging devices, databases, or the like. 

[0070] User interface input devices 70 may include a 
keyboard, pointing devices such as a mouse, trackball, touch 
pad, or graphics tablet, a scanner, foot pedals, a joystick, a 
touchscreen incorporated into the display, audio input 
devices such as voice recognition systems, microphones, 
and other types of input devices. In general, use of the term 
“input device” is intended to include a variety of conven 
tional and proprietary devices and Ways to input information 
into the computer system. Such input devices Will often be 
used to doWnload a computer executable code from a 
computer netWork or a tangible storage media embodying 
steps or programming instructions for any of the methods of 
the present invention. 

[0071] User interface output devices 72 may include a 
display subsystem, a printer, a fax machine, or non-visual 
displays such as audio output devices. The display sub 
system may be a cathode ray tube (CRT), a ?at-panel device 
such as a liquid crystal display (LCD), a projection device, 
or the like. The display subsystem may also provide non 
visual display such as via audio output devices. In general, 
use of the term “output device” is intended to include a 
variety of conventional and proprietary devices and Ways to 
output information from the computer system to a user. 

[0072] Storage subsystem 64 stores the basic program 
ming and data constructs that provide the functionality of the 
various embodiments of the present invention. For example, 
database and modules implementing the functionality of the 
present invention may be stored in storage subsystem 64. 
These softWare modules are generally executed by processor 
60. In a distributed environment, the softWare modules may 
be stored in a memory of a plurality of computer systems 
and executed by processors of the plurality of computer 
systems. Storage subsystem 64 typically comprises memory 
subsystem 66 and ?le storage subsystem 68. 

[0073] Memory subsystem 66 typically includes a number 
of memories including a main random access memory 
(RAM) 76 for storage of instructions and data during 
program execution and a read only memory (ROM) 78 in 
Which ?xed instructions are stored. File storage subsystem 
68 provides persistent (non-volatile) storage for program 
and data ?les, and may include a hard disk drive, a ?oppy 
disk drive along With associated removable media, a Com 
pact Digital Read Only Memory (CD-ROM) drive, an 
optical drive, DVD, CD-R, CD-RW, or removable media 
cartridges or disks. One or more of the drives may be located 
at remote locations on other connected computers at other 
sites coupled to the computer system. The databases and 
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modules implementing the functionality of the present 
invention may also be stored by ?le storage subsystem 68. 

[0074] Bus subsystem 62 provides a mechanism for letting 
the various components and subsystems of the computer 
system communicate With each other as intended. The 
various subsystems and components of the computer system 
need not be at the same physical location but may be 
distributed at various locations Within a distributed netWork. 
Although bus subsystem 62 is shoWn schematically as a 
single bus, alternate embodiments of the bus subsystem may 
utiliZe multiple busses. 

[0075] The computer system itself can be of varying types 
including a personal computer, a portable computer, a Work 
station, a computer terminal, a netWork computer, a module 
in the imaging unit, a mainframe, or any other data process 
ing system. Due to the ever-changing nature of computers 
and netWorks, the description of the computer system 
depicted in FIG. 4 is intended only as a speci?c example for 
purposes of illustrating one embodiment of the present 
invention. Many other con?gurations of the computer sys 
tem are possible having more or less components than the 
computer system depicted in FIG. 4. 

[0076] FIG. 5 schematically illustrates a plurality of mod 
ules 80 that may carry out an embodiment of the present 
invention. The modules 80 may be softWare modules, hard 
Ware modules, or a combination thereof. If the modules are 
softWare modules, the modules Will be embodied on a 
computer readable medium and processed by a processor 60 
in any of computer systems of the present invention. 

[0077] A ?rst dataset from a ?rst instrument Will be 
received by module 82. The ?rst dataset is typically an 
optical measurement and/or image of an optical system, 
such as an eye. For example, in one embodiment, the optical 
measurement is in the form of a Wavefront measurement of 
a patient’s eye. Such a Wavefront measurement may be 
obtained by the Wavefront measurement devices illustrated 
in FIGS. 3 and 3A. The second dataset from a second 
instrument Will be received by module 84. The second 
dataset is also typically an optical measurement and/or 
image of the same optical system. For example, in one 
embodiment, the second optical measurement is in the form 
of a corneal topographical map of the patient’s eye. 

[0078] As can be appreciated, the present invention is not 
limited to a Wavefront measurement device and a corneal 
topographer. The ?rst instrument and second instrument can 
be any combination of optical measurement devices that are 
used for obtaining measurements of the optical or refractive 
errors of the optical system. The ?rst and second dataset may 
be transmitted from the ?rst instrument and second instru 
ment over a communication netWork, or the datasets from 
each of the devices may be stored on a computer readable 
medium and uploaded to the computer system that is pro 
cessing modules 80. 

[0079] In order to take advantage of the tWo data sources 
(e.g., corneal topographer and Wavefront measurement 
device) for diagnosis of refractive errors of the eye and for 
corneal treatment planning, the data from the tWo sources 
should be registered. Consequently, the ?rst dataset and 
second data set are transmitted to module 86 Where one or 
more image processing algorithms are applied to the datasets 
to register the ?rst dataset and the second dataset. Typically, 
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registration of the tWo datasets establishes a coordinate 
system transformation betWeen the tWo datasets, to com 
pensate for any positional and/or torsional misalignment. 

[0080] FIG. 6 schematically illustrates one exemplary 
embodiment of module 86. As can be appreciated hoWever, 
FIG. 6 is merely one example of an image processing 
algorithm that may be used to register the tWo datasets, and 
the present invention should not be limited to the speci?c 
example of FIG. 6. 

[0081] As illustrated, data from module 82 may be trans 
mitted to module 86 Where one or more algorithms are 

applied to the ?rst dataset (e.g., Wavefront measurement) to 
locate distinctive data points, such as landmarks in the 
Wavefront measurement. Some examples of landmarks are 
the limbus, iris, iris boundary, iris center, iris pattern (e.g., 
texture of iris pattern), pupil, pupil center, cornea center, and 
corneal vertex. In one embodiment, illustrated in FIG. 6A, 
an algorithm 90 may detect the landmarks (e.g., pupil and 
the iris) With high accuracy. 

[0082] In the illustrated embodiment, algorithm 90 calcu 
lates a pupil information (step 100), such as localiZing a 
pupil, ?nding the center of the pupil, and/or calculating the 
radius of the pupil. In one embodiment the pupil is located 
by thresholding the dataset by analyZing a pixel value 
histogram and choosing the position of a ?rst “dip” in the 
histogram after at least 2000 pixels are beloW the cutoff 
threshold. All pixels beloW the threshold may be labeled 
With “1” and pixels above the threshold are labeled With “0”. 
Pixels labeled With “1” Would generally correspond to the 
pupil, eyelashes, and possibly other regions of the image. It 
should be appreciated hoWever, that the number of pixels 
employed Will be related to the area of the pupil and Will 
vary With applications of the invention. 

[0083] The tWo distinguishing features about the pupil 
region, compared to other non-pupil regions is its large siZe 
and central location. In some embodiments, regions inter 
secting With a S-pixel Wide inner frame of the dataset may 
be discarded and the largest remaining region can be 
selected as the pupil. 

[0084] If desired, the selected pupil region may be ?lled to 
remove any holes created by re?ections, or the like. For 
example, in one embodiment, the remaining region of the 
image may also be analyZed for convexity. A radius and 
center of the pupil may be estimated by a standard Weighted 
least-square estimation procedure. 

[0085] Once the pupil information is calculated, the iris 
information may be calculated (step 102), such as locating 
an iris boundary, iris center, and iris radius. In some embodi 
ments, the iris boundary may be estimated to be a certain 
radius of pixels (e.g., 320 pixels) and may be assumed to be 
constant for all people. The center of the iris may be 
calculated as a center of the circle that corresponds to the 
outer boundary of the iris. If desired, a position of the center 
of the iris may be used to calculate a pupil offset from the 
iris center. 

[0086] Alternatively, another method of calculating the 
iris information takes advantage of the fact that the pupil 
center has already been found (as described above), that the 
iris has a limited range of possible values and the iris center 
is usually not very far from the pupil center. Since the center 
of the pupil and the center of the iris are typically not far 
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from each other, it is possible to estimate the radial deriva 
tive of the image intensity With respect to the iris center by 
the radial derivative With respect to the pupil center. Fur 
thermore, the limited range of iris radius values occurring in 
nature, alloWs restriction of a range of possible search to a 
ring centered at pupil center and having inner and outer radii 
such that the iris edge should alWays be located someWhere 
Within the range. In one embodiment, the numerical search 
range, can be betWeen approximately 10.5 mm and 14 mm. 
In other embodiments, the range may be larger or smaller, if 
desired. 

[0087] Optionally, once the iris is found, the iris ring may 
then be unWrapped and divided into a ?xed number of 
sectors, by converting the Cartesian iris coordinates into 
polar coordinates, centered at the pupil. (Step 104). In 
alternative embodiments, it may be possible to analyZe the 
iris ring Without unWrapping it. HoWever, Applicant has 
found that unWrapping and scaling the iris ring alloWs better 
matching of landmarks (e.g., texture blocks) in the iris 
betWeen different images of the eye by means of pure 
translation. For example, if the iris ring is not unWrapped, 
the algorithm may have trouble matching of texture blocks 
that have rotated, Whereas if the iris ring is unWrapped, the 
texture blocks Will maintain the same relative shape. 

[0088] After the iris is divided into sectors, the landmarks 
may be located (step 106). For example, one salient region 
or landmark in each sector may be identi?ed and its prop 
erties can be extracted. In one embodiment, the iris region is 
segmented into tWenty four sectors of ?fteen degrees. It 
should be appreciated, hoWever, that in other embodiments, 
the iris region can be segmented into more than tWenty four 
sectors or less than tWenty four sectors. 

[0089] The landmarks preferably are sufficiently distinct 
and have high contrast. There are several possible Ways to 
select such landmarks. In one implementation, a square 
mask of siZe M><M (for example, 21><21 for dark-colored 
eyes and 31x31 for light-colored eyes) is de?ned. The mask 
can be scanned over each of the tWenty four sectors, and for 
each pixel in each sector a value is computed from the region 
inside the mask centered at that pixel. The value assigned to 
the pixel is determined as the sum of amplitudes of all spatial 
frequencies present in the region. In one embodiment, the 
sum of the amplitudes can be computed by a Fourier 
transform of the region. If desired, the central 5x5 portion of 
the Fourier spectrum can be nulled to remove a DC com 
ponent. The maximum value can then be located in each 
sector, such that the boundary of its corresponding mask is 
at least 5 pixels aWay from the iris boundary in order to 
avoid getting close to the pupil margin and other boundary 
artifacts, such as the eyelid and eyelashes. The “Winning” 
positions and the corresponding blocks are stored for later 
comparison. 

[0090] A more complete description of an algorithm that 
may be used to locate the center of the pupil, center of the 
iris, and other landmarks in a Wavefront measurement image 
is described in US. patent application Ser. No. 10/300,714, 
?led on Nov. 19, 2002, and Groen, E., “Chapter 1 on 
Video-oculography,” PhD Thesis, University of Utrecht 
(1997), the complete disclosures of Which are incorporated 
herein by reference. 

[0091] Referring again to FIG. 6, the landmarks in the ?rst 
dataset may be stored and the second dataset from module 
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84 may be transmitted to module 86 Where algorithm 92 may 
used to locate the corresponding distinctive data points (e. g., 
pupil center, iris, landmarks, and the like) in the second 
dataset (e.g., corneal topography measurement). An algo 
rithm similar to that shoWn in FIG. 6A may be used to locate 
the distinctive data points in the second dataset. 

[0092] Unfortunately, in instances Where the second 
dataset is from the corneal topographer, the image from the 
corneal topographer often contains re?ections from the 
placido rings that are used by corneal topographer 16 to 
make the actual surface elevation computations. Presence of 
the placido rings often make it difficult to ?nd the exact pupil 
center and boundary. HoWever, algorithm 92 should be 
robust enough to accurately locate the pupil center and 
boundaries in the image. 

[0093] FIG. 6B schematically illustrates one exemplary 
step 100 that may be used to locate the pupil in a corneal 
topography image. First, a threshold is determined based on 
an image histogram 200 to determine the boundary of the 
pupil. The ?rst dip 202 is used to differentiate the pupil and 
the iris. The image may be thresholded 204 and is folloWed 
by a morphological dilation and erosion 206 to close the 
gaps from the rings. A best ?tting circle is found, based on 
the region’s boundary 208. The best ?tting circle is deemed 
to be the outer boundary 210 of the pupil. From the outer 
boundary, the algorithm can locate the pupil center. 

[0094] Additionally or alternatively, the outer edge of the 
iris remains partially visible and may be used to ?nd the 
center of the cornea. Similar steps as illustrated in FIG. 6A 
may be used to locate the iris center, iris boundary, iris 
radius, and other landmarks in the iris, if desired. Some 
embodiments of such iris ?nding algorithms use the pupil 
center as an initial estimate of the center of the iris, but for 
the corneal topography map, it may be possible to use the 
center of the image as the initial estimate. 

[0095] FIG. 7 illustrates data from 11 eyes that Were 
analyZed using the methods of the present invention. The iris 
siZe estimates Were compared With the actual measured iris 
siZe. The mean difference in the estimated iris radius from 
the actual radius Was 0.024 mm, With a standard deviation of 
0.081 mm. The position of the corneal vertex With respect to 
the pupil center Was compared for each of the pair of images. 
FIG. 7 shoWs a relative change in estimated vertex position 
for each pair. The darker dot represents the corneal vertex 
position from the Wavefront data, While the lighter dot 
represents the corneal vertex position from the corneal 
topographer. The lines connecting the tWo dots indicate the 
estimated displacement. 

[0096] FIGS. 8 and 9 are some samples of applying the 
iris ?nding step to the corneal topography map dataset to 
locate the cornea center. Dot 300 indicates the calculated 
center of the iris as calculated by an algorithm of the present 
invention. Circle 302 With center 304 is the calculated center 
of the pupil in the images. Note the characteristic nasal 
displacement of the pupil center With respect to the corneal 
center on the topography images due to the smaller pupil 
siZe. FIG. 9 shoWs a similar set of data With the corneal 
topography map obtained by the corneal topographer 16. 
Because of the similar Wavelengths, the iris pattern looks 
more similar betWeen the tWo images. The Wavefront mea 
surement images the corneal vertex that corresponds to the 
?rst Purkinje re?ection image from the measuring laser 










